We investigate the effects of a piece of zero-dispersion fiber (ZDF) on the pulse dynamics of a passively mode-locked fiber laser operating in the stretched-pulse regime. Numerical simulation suggests that the proper location and length of ZDF facilitate spectrum broadening and pulse shortening in fiber lasers while maintaining constant net cavity dispersion. A nonlinear polarization evolution mode-locked Er-doped fiber laser with a dispersion map is built based on the simulation. Larger optical spectrum broadening is obtained by inserting a longer ZDF after the active fiber during single-pulse operation, which well agrees with the simulation.
Fiber lasers are interesting because of their compact size, low cost, and high stability. Meanwhile, the generation of ultrashort pulses with a broadband optical spectrum is attracting considerable attention in the fields of frequency metrology [1] , high precision optical sampling [2] , and bio-imaging [3] . An ultra-broadband spectrum with extremely low linewidth is required especially for optical frequency comb-based metrology, precision spectroscopy [4] , or applications for extreme nonlinear optics [5] . Zero-dispersion fiber (ZDF) lasers can generate ultrashort, broad bandwidth pulses with extremely low spectral line phase noise [6] , which is ideal for coherent spectral comb generation with low linewidth.
Zhao et al. [7] reported the generation of 120-nmbandwidth noise-like pulses in a passively mode-locked Er-doped fiber (EDF) ring laser under soliton operation by inserting a segment of slightly normal-dispersion fiber within the cavity. However the pulse train quality is low. In 2009, Deng et al. [8] showed the direct generation of 55-fs pulses with 61-nm spectrum width from an all-fiber Er-doped ring laser oscillator using nonlinear polarization rotation mode-locking. In 2010, Ma et al. [9] realized 37.4-fs pulse generation from a ring-cavity EDF laser in the stretched-pulse regime at a repetition rate of 225 MHz. The spectral bandwidth of the pulses is 135 nm, and the single-pulse energy is 0.31 nJ. Nikodem et al. [10] achieved 111-fs pulses with a fundamental repetition rate of 169 MHz using an all-fiber configuration. In 2012, Chong et al. [11] demonstrated broad-spectrum (∼200 nm) pulse generation without gain-bandwidth limitation using a normal-dispersion laser. They found that the pulse can be dechirped to ∼20 fs.
In this work, we propose a method of inserting a segment of ZDF into an EDF laser to enable intracavity spectrum broadening while maintaining cavity dispersion in the vicinity of the zero-dispersion region. Consequently, we obtain the accumulation of nonlinearity for spectral broadening and pulse shortening without inducing large net cavity dispersion that can result in a long pulse duration and high spectral linewidth phase noise.
In the simulation, we model the propagation dynamics of pulses through each fiber segment in the cavity. We also analyze the optimum location and length of the ZDF in the cavity for optical spectrum broadening. A nonlinear polarization evolution (NPE) mode-locked Er-doped ring-cavity laser is built based on a cavity design obtained from numerical simulation. The optical spectrum broadening well agrees with the simulations.
The numerical model of the NPE mode-locked fiber laser with ring cavity configuration is shown in Fig. 1 . The cavity is composed of an active fiber, a single-mode fiber (SMF) (OFS, 980 nm) for a wavelength division multiplexer (WDM), two segments of SMFs (SMF28), a saturable absorber (SA), and an output coupler (OC). A piece of ZDF is inserted inside the laser cavity to study the pulse dynamics of pulse shortening and optical spectrum broadening. The effect of different ZDF lengths and positions (marked as 1 and 2, respectively, in Fig. 1 ) on optical spectral broadening is discussed.
The pulse evolution in the laser cavity is investigated by the complex cubic Ginzburg-Landau equation (CGLE), which can be written as
where A(t, z) is the slowly varying envelope of the electric field amplitude, z is the propagation parameter, t is the time scaled to the pulse duration, g is the gain, β is the group velocity dispersion (GVD), γ is the nonlinear parameter, α is the loss, and T 2 is the dipole relaxation time that is inversely proportional to the gain bandwidth. The gain bandwidth is 50 nm, which is typical for EDF lasers. The gain saturation with the total energy is given as g = g 0 /(1 + E/E sat ), where g 0 is the small-signal gain, E sat is the gain saturation energy, and E is the instantaneous pulse energy.
In the laser cavity, the NPE mode-locking mechanism is initiated and sustained by an equivalent fast SA. The function of the SA is close to the sinusoidal transmission curve of the nonlinear polarization evolution and modeled by the transmission equation [12] 
where l 0 is the unsaturated loss, P is the instantaneous pulse power, and P sat is the saturation power.
Modeling is performed by solving the CGLE using a standard split-step Fourier algorithm. In the first simulation, the schematic cavity is a conventional mode-locked fiber ring laser ( Fig. 1 ) composed of four fiber elements, namely, L WDM , L SMF1 , L SMF2 , and L Er . L WDM is the fiber length of the pump/laser combined port of WDM, which is 15 cm, with β WDM ≈ 0 ps 2 /m. L SMF1 and L SMF2 (31 and 6 cm, respectively) are the pigtails of the fiber minicollimators, with β SMF =0.022 ps 2 /m. L Er is a 40-cm gain fiber, with β Er =-0.012 ps 2 /m. The net dispersion of the cavity is -0.0033 ps 2 . The output port and SA are placed between two SMF segments.
The simulated dynamics of pulse evolution in the time and optical spectrum domains within the laser are shown in Fig. 2 . The transform-limited pulse durations have two positions inside the cavity: one inside the EDF and the other inside the SMF1 (pulse durations of 132.9 and 65.5 fs, respectively). The laser operates in the stretchedpulse regime with a stretching ratio of 2.66. The pulse spectrum also varies to some extent in the cavity (Fig.  2(b) ), which can be explained by the interaction among self-phase modulation (SPM) spectral broadening, gain filtering of limited gain bandwidth, and initial chirp. The effects are balanced at the position corresponding to the maximum spectral width achieved in SMF1, where the shortest transform-limited pulse is located.
In the second simulation, we study the effects of the position and length of the ZDF segment inserted into the aforementioned laser on the pulse dynamics with the other parameters fixed. Firstly, we select two available insertion sites (labeled 1 and 2 in Fig. 1 ) to investigate the effect of the ZDF position. Figure 3 illustrates the pulse evolution versus the ZDF position in the frequency and time domains during one round trip in the cavity. The red and blue curves represent the position maps when the ZDF is inserted before (labeled 1 in Fig. 1 ) and after (labeled 2 in Fig. 1 ) the EDF respectively. The position map without the ZDF is also shown (black curve in Fig. 3) for comparison with the first simulation, i.e., the conventional stretched pulse laser. Analysis of the three curves in Fig. 3(a) reveals that pulse dynamics is very sensitive to the ZDF position. The largest spectrum broadening of 92.18 nm is obtained only inside SMF1 (point A) throughout the cavity when a 70-cm ZDF is placed after gain fiber. By contrast, only a slight change is observed in the other two cases. The reason is that the ZDF induces more SPM-induced spectrum broadening without broadening the pulse duration in the time domain. Furthermore, a large pulse peak power is obtained when placing the ZDF at an optimum location (position 2 in Fig. 1 ) that facilitates spectrum broadening. Consequently, the shortest transform-limited pulse duration of 47.87 fs is achieved (point B in Fig. 3(b) ). This finding can be due to the fact that the abnormal dispersion in SMF compensated for the positive chirp and enabled balance to be achieved.
Apart from altering the position of the ZDF, we also adjust its inserted length to determine the influence on pulse dynamics and output characteristics. We consider only the case of the ZDF placed after the EDF. The results in Fig. 4 show that the maximum spectral bandwidth within the whole cavity monotonically increases with increased embedded ZDF length from 0 to 70 cm (Fig.  4(a) ) caused by increased SPM-induced spectrum broadening. Given that the ZDF length is scaled above 70 cm, 
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pulse splitting occurs because of the excessive accumulation of nonlinear phase shifts exerted by the SPM effect. Under single-pulse operation, the corresponding shortest transform-limited pulse duration decreases with increased ZDF length (Fig. 4(b) ).
To validate the numerical simulation results of optical spectral broadening properties, a corresponding Er-doped passively mode-locked fiber laser operating in the stretched-pulse regime is built. The experimental configuration of the fiber laser and dispersion map is shown in Fig. 5 . The fiber is composed of a 40-cm heavily EDF (Liekki 110-4/125), a 15-cm fiber for the WDM, and two pigtails for two minicollimators (SMF28, 31-and 7-cm). Except for the EDF, all other fibers exhibit abnormal dispersion. The group-delay dispersion (GDD) of the WDM fiber and SMF are -0.0013 and -0.022 ps 2 /m, respectively, whereas the GDD of the EDF is 0.012 ps 2 /m. Therefore, the net cavity dispersion is -3 535 fs 2 at the central wavelength of 1 550 nm. The total optical cavity length is approximately 114 cm, resulting in a fundamental repetition rate of 194 MHz. The mode-locking mechanism is initialized and stabilized by the NPE process using two quarter waveplates (QWPs), a half waveplate (HWD), and a polarization beam splitter (PBS). The PBS rejection port also works as the output coupler.
Mode-locking is a self-starting, turnkey operation as long as the pump power reaches the threshold of 345 mW. With the maximum pump power P p = 700 mW, an average output power of 132 mW corresponding to a pulse energy of 0.68 nJ can be obtained. Mode-locking is stable and can operate for hours without disturbance. The laser is immune to slight fiber movements or vibrations. However, NPE mode-locked lasers are sensitive to temperature changes. Thus, mode-locking does not self-start with large variations in room temperature. However, mode-locking can be rebuilt by slight waveplate rotation.
Using a typical stretched-pulse fiber laser, we experimentally assess the influences of the ZDF on spectral broadening by embedding a specific ZDF segment with different lengths at various positions. The GVD of the OFS 980-nm fiber at 1 550 nm wavelength is -0.0013 ps 2 /m, which is 17 times smaller than that of the SMF. Therefore, we adopt this type of fiber to represent the ZDF used to investigate the output performances. The output port is matched with the relative position in the simulation mode (yellow line in Figs. 3 and 4) . The overall output characteristics of the modified fiber laser are summarized in Fig. 6 .
Based on Fig. 6 , a comparison between the output characteristics of the two cases, i.e., ZDFs before and after the EDF with different ZDF lengths, is made. The comparison reveals that a full-width at the 10 dB maximum bandwidth of 172 nm can be obtained when a 70-cm ZDF is placed after the EDF. The corresponding shortest transform-limited pulse width is 36 fs. As revealed by this series of experiments, placing the ZDF after the EDF (position 2 in Fig. 5 ) leads to a wider optical spectrum at the output port, which agrees with the simulation (Fig. 3(a) ). Under this condition, the obtained ptical spectral width is directly proportional to the ZDF length, which increases from 0 to 0.7 m. In addition, the measured autocorrelation traces in Fig.  6(b) indicate that a longer pulse duration is achieved whether ZDF is spliced before or after the EDF. Apparently, the direct output pulse duration also increases with increased ZDF length, which can be observed in Fig. 6(d) . The same trend is shown in the numerical results presented in Fig. 4(d) . Extracavity dispersion compensation is desirable to further demonstrate the o validity of the optimum fiber lasers with shorter pulse durations. Notably, the laser is not outputted from the maximum spectral bandwidth position. In the next step, we study the optimized output position by simulation and experiments to produce directly a transform-limited pulse duration with the widest optical spectrum.
In conclusion, we numerically and experimentally investigate the effects of the ZDF position and length on the dynamics of pulses propagating through a stretchedpulse fiber laser in the vicinity of zero cavity dispersion. The ZDF location and length are optimized to achieve the largest bandwidth and shortest pulse duration. The results indicate that optimum laser operation can be realized when the ZDF is located immediately after the gain fiber, whereas a longer fiber length is more suitable for spectral broadening under the limitation of singlepulse operation. The experimental results agree with the numerical simulation results. This work suggests that a section of pure nonlinearity with amount and intracavity position can effectively extend the output pulse to achieve a broader spectrum and shorter pulse duration in stretched-pulse fiber lasers.
